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The lack of readily available experimental systems has limited knowledge pertaining to the development of
Salmonella-induced gastroenteritis and diarrheal disease in humans. We used a novel low-shear stress cell
culture system developed at the National Aeronautics and Space Administration in conjunction with cultiva-
tion of three-dimensional (3-D) aggregates of human intestinal tissue to study the infectivity of Salmonella
enterica serovar Typhimurium for human intestinal epithelium. Immunohistochemical characterization and
microscopic analysis of 3-D aggregates of the human intestinal epithelial cell line Int-407 revealed that the 3-D
cells more accurately modeled human in vivo differentiated tissues than did conventional monolayer cultures
of the same cells. Results from infectivity studies showed that Salmonella established infection of the 3-D cells
in a much different manner than that observed for monolayers. Following the same time course of infection
with Salmonella, 3-D Int-407 cells displayed minimal loss of structural integrity compared to that of Int-407
monolayers. Furthermore, Salmonella exhibited significantly lower abilities to adhere to, invade, and induce
apoptosis of 3-D Int-407 cells than it did for infected Int-407 monolayers. Analysis of cytokine expression
profiles of 3-D Int-407 cells and monolayers following infection with Salmonella revealed significant differences
in expression of interleukin 1� (IL-1�), IL-1�, IL-6, IL-1Ra, and tumor necrosis factor alpha mRNAs between
the two cultures. In addition, uninfected 3-D Int-407 cells constitutively expressed higher levels of transforming
growth factor �1 mRNA and prostaglandin E2 than did uninfected Int-407 monolayers. By more accurately
modeling many aspects of human in vivo tissues, the 3-D intestinal cell model generated in this study offers a
novel approach for studying microbial infectivity from the perspective of the host-pathogen interaction.

While important advances have been made toward under-
standing how Salmonella interacts with the intestinal
epithelium to initiate disease (reviewed in references 6 and
44), investigations into the interaction of Salmonella with the
human intestinal epithelium have been limited by the lack of in
vitro and in vivo models which faithfully replicate the in vivo
condition. In particular, it is well documented that important
differences exist between the pathogenesis of Salmonella en-
terica serovar Typhimurium in human infections and that in
widely used cell culture and animal models (34, 40, 47). In vitro
assays using cultured mammalian epithelial cells have long
been used as a model for investigating the interaction between
Salmonella and the intestinal mucosa. However, there are in-
herent limitations associated with the use of these cultured cell
lines (34), as they are not exact models of the conditions faced
in vivo by Salmonella. Several characteristics of conventional
tissue culture models have raised concerns regarding their
overall efficacy as models for microbial infectivity in general
(34) due to the dedifferentiation of these cells during conven-

tional cell culture. Indeed, many of the physiological differ-
ences between cultured cells and their in vivo counterparts are
believed to be the result of the dissociation of cells from their
native three-dimensional (3-D) geometry in vivo to their prop-
agation on a two-dimensional substrate in vitro (10). Likewise,
many characteristics of animal models fail to mimic the human
disease, and animal models present a complex system in which
many variables cannot be controlled. A high-fidelity enteric
cell culture model could provide new insights into studies of
Salmonella infectivity by bridging the gap between the inherent
limitations of cultured mammalian cells and intact animals.

For humans, S. enterica serovar Typhimurium is among the
most common Salmonella serotypes isolated from individuals
suffering from infectious gastroenteritis and has long been
recognized as a major public health problem (23). Gastroen-
teritis results from infection of the small intestine after inges-
tion with Salmonella. Indeed, the ability to colonize the intes-
tinal epithelium is an essential feature in the pathogenicity of
Salmonella infection. Moreover, the initial interactions be-
tween Salmonella and the host intestinal epithelium are be-
lieved to play a key role in mediating the intense inflammatory
and secretory response which is a hallmark of serovar Typhi-
murium infections in humans (reviewed in reference 6). Stud-
ies with cultured intestinal epithelial cells have shown that,
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shortly after contact, Salmonella engages host cells in a com-
plex biochemical cross talk, which triggers host-cell signal
transduction pathways ultimately resulting in host cytoskeleton
rearrangement, cell membrane ruffling, bacterial uptake, and
production of prostaglandins and proinflammatory cytokines
(reviewed in reference 6).

In the present study, we present a novel use of an innovative
form of optimized suspension culture, the rotating-wall vessel
(RWV), to examine the infectivity of serovar Typhimurium for
human intestinal epithelium. The RWV (Fig. 1) is an opti-
mized form of suspension culture that due to its low-shear and
low-turbulence operation minimizes mechanical cell damage
and allows cells to associate into 3-D structures, thereby pro-
moting cellular differentiation (reviewed in references 21 and
41). Accordingly, the RWV largely solves the challenges of
suspension culture: to suspend cells and microcarriers without
inducing turbulence, or high degrees of shear, while providing
adequate nutrition and oxygenation. In this environment, dis-
sociated cells can assemble into high-fidelity 3-D tissue aggre-
gates, several millimeters in size, which are largely devoid of
necrotic cores (reviewed in references 21 and 41).

The primary advantage of the RWV over either dynamic or
static tissue culture systems is that its low-shear environment
allows cells to aggregate, grow three-dimensionally, and differ-
entiate. This advantage results in cells or tissues that very
closely resemble the in vivo tissue equivalent (reviewed in

references 21 and 41). In conventional static flat-culture flasks
or dishes, the two-dimensional environment and plastic sub-
strate tend to alter gene expression and prevent differentiation
(10, 21). Because the cells are maintained in a gentle fluid
orbit, cells grown in the RWV are able to attach to one an-
other, form complex 3-D structures, and attain a more tissue-
like phenotype. Thus, unlike cell and tissue cultures grown in
two-dimensional flat-plate systems, cells cultured in the RWV
are functionally similar to tissues in the human body (reviewed
in references 21 and 41). Accordingly, the RWV bioreactors
offer a novel approach not previously applied for studying
microbial infectivity from the perspective of the host-pathogen
interaction.

We used the RWV bioreactors in conjunction with cultiva-
tion of 3-D aggregates of the human embryonic small intestinal
epithelial cell line Int-407 (ATCC CCL-6), to study the infec-
tivity of serovar Typhimurium for human intestinal epithelium.
While the Int-407 cell line contains a mix of human small
intestinal epithelial cells and HeLa cells (cervical adenocarci-
noma), we chose it as the model system for this study for
several important reasons. First, the Int-407 cell line is isolated
from normal human small intestine, which is the initiating site
of infection for Salmonella species. Second, Int-407 cells have
been, historically, one of the most extensively used cell lines for
the study of the interactions occurring between Salmonella and
the host intestinal epithelium. Indeed, several landmark stud-
ies which characterized the early stages of Salmonella infec-
tion, including adherence and invasion, elicitation of cytokine
and chemokine responses, and signal transduction, have used
the Int-407 cell line (5, 37, 39, 45). Third, when grown as
conventional monolayers, Int-407 cells are poorly differenti-
ated, lack polarity, do not produce mucus, and lack many other
physiological features associated with their in vivo counter-
parts, including tight junctions, desmosomes, and secretory
granules. Thus, the ability of Int-407 cells to differentiate dur-
ing culture in the RWV bioreactor could be readily measured.
Fourth, Int-407 cells were isolated from embryonic tissues and
were immortalized before they completed their differentiation
process—thus, they have the potential to manifest numerous
characteristics of in vivo tissues. Accordingly, the Int-407 cell
line provided us with an excellent opportunity to assess if
culture in the low-shear environment of the RWV allowed the
differentiation of these cells into high-fidelity, 3-D tissue-like
masses which more accurately modeled in vivo human intesti-
nal epithelial tissue than did their monolayer counterparts.

In this study, we used the RWV bioreactors to develop novel
3-D cultures of human intestinal epithelial cells which more
accurately model the behavior of in vivo tissues than do mono-
layer cultures of the same cells and thus would be predicted to
more closely replicate the complex environment encountered
by Salmonella during the natural course of human infection.
We demonstrate that the 3-D intestinal cells reacted much
differently to Salmonella infection than did conventional
monolayers of the same cell line, including differences in bac-
terial adherence and invasion, apoptosis, cytokine expression,
prostaglandin synthesis, and tissue pathology.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All infectivity studies were performed
using wild-type S. enterica serovar Typhimurium �3339, which is an animal-

FIG. 1. Operation of the RWV. The cylindrical culture vessel is
filled with culture medium, and the cells or tissue particles are added.
All air bubbles are removed from the culture vessel. The vessel is
attached to the rotator base and rotated about the horizontal axis
(power supply not shown). Cell aggregate particles establish a fluid
orbit within the culture medium in the rotating vessel. They do not
collide with the walls or any other parts of the vessel. As 3-D tissues
grow in size, the rotation speed is adjusted to compensate for the
increased settling rates of the larger particles. The tissue particles do
move enough within the fluid culture medium to exchange nutrients,
wastes, and dissolved gases and make contact with other tissue parti-
cles. The cells and/or tissue particles join to form larger tissue particles
that continue the differentiation process. Oxygen supply and carbon
dioxide removal are achieved through a gas-permeable silicone rubber
membrane.
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passaged isolate of the virulent SL1344 wild-type strain (20). Bacterial cells were
first grown in Lennox broth (L broth) (30) as static overnight cultures at 37°C.
Cultures were then inoculated at a dilution of 1:200 into 50 ml of L broth and
subsequently grown with aeration at 37°C until reaching the mid-log phase of
growth. Unless otherwise stated, all infectivity studies were performed at a
multiplicity of infection (MOI) of between 1 and 10 bacteria per host cell.

Development of a 3-D Int-407 cell culture model. The human embryonic
intestinal epithelial cell line Int-407 was obtained from the American Type
Culture Collection (CCL-6) (22) and was initially grown in Corning T-75 flasks
(2 � 105 cells/ml) at 37°C in a 5% CO2 environment in preparation for seeding
into the RWV. The cells were cultured in a specialized growth medium com-
prised of a triple-sugar minimal essential medium �–L-15 base supplemented
with 6% fetal bovine serum, designated GTSF-2 (18). After 24 h, the spent
medium was removed, fresh GTSF-2 was added, and the cells were cultured until
reaching approximately 70% confluency. Cells were then washed once with
prewarmed calcium- and magnesium-free phosphate-buffered saline, removed
from the flask by treatment with 0.25% trypsin, and resuspended in fresh me-
dium at a density of 2 � 105 cells/ml. The cells were assayed for viability by trypan
blue dye exclusion. Cells were then introduced into the RWV (Synthecon, Inc.)
containing 5 mg of Cytodex-3 microcarrier beads (Pharmacia) per ml, resulting
in a final ratio of 10 cells/bead (18). Cytodex-3 microcarriers were type I, colla-
gen-coated dextran beads (average diameter, 175 �m). Cells were cultured in the
RWV bioreactors in GTSF-2 at 37°C and 5% CO2 with initial rotation at 20 rpm.
Rotation speed was increased throughout growth to maintain cell aggregates in
suspension. Cell growth was monitored daily by measurements of pH and of
dissolved CO2 and O2 and glucose utilization using a Corning blood gas analyzer
(Model 168) and a Beckman Glucose Analyzer-2, respectively. Fresh medium
was replenished by 90% of the total vessel volume each 12 to 24 h, depending
upon the growth rate of the cultures. As metabolic requirements increased, fresh
medium was supplemented with an additional 100 mg of glucose per dl. Imme-
diately prior to use of the 3-D intestinal tissues, fresh medium was added to the
cultures. For all studies, 3-D intestinal tissues were cultured in the RWVs for 28
to 32 days prior to their use.

Immunohistochemistry and staining. Int-407 cells cultured as 3-D aggregates
or as monolayers were subjected to immunohistochemical characterization. Sam-
ples for immunohistochemistry were taken from multiple experiments, fixed, and
sectioned as previously described for light microscopy (18) or fixed as previously
described for confocal imaging (43). Immunophenotyping was performed on
0.5-�m-thick sections of the 3-D Int-407 tissue aggregates, or monolayer culture
controls, after extraction of the epoxy with melting solution (18) for light mi-
croscopy studies. Slides of sectioned material were subsequently rehydrated and
subjected to immunoperoxidase staining (18) with a panel of antibodies. To
evaluate the mucin content, specimens were stained with periodic acid-Schiff
stain (PAS) as described previously (7).

Morphological comparisons among normal human small intestine, Int-407
monolayers, and 3-D Int-407 aggregates were determined from paraffin-embed-
ded sections of these samples stained with hematoxylin-eosin and analyzed via
light microscopy (3).

Microscopy. For scanning electron microscopy (SEM) analysis, 3-D cell and
monolayer samples were fixed in 4% glutaraldehyde. The samples were then
immersed in 0.1% osmium tetroxide solution (Electron Microscopy Sciences)
and dehydrated in a graded alcohol series to 100% ethanol. The 3-D cell aggre-
gates were placed on a glass coverslip treated with 1% polyethyleneimine. Both
3-D cell cultures and monolayers were chemically treated with hexamethyldisi-
lazane (Electron Microscopy Sciences) and allowed to dry. All cells were then
mounted on specimen stubs and sputter coated with gold-palladium for obser-
vation in a JEOL 660T or Philips XL-30 series scanning electron microscope.

For confocal imaging, samples were prepared as described previously (43).
Confocal imaging was performed using a Zeiss LSM 400 series laser scanning
microscope (LSM). Fluorochrome excitation of Alexa 488-labeled secondary
antibodies was performed by 488-nm filtered emission from a Kr-Ar laser source.
Each image is the compilation of 16 scans of 2 s each, collected at identical
exposure levels (the confocal pinhole size, laser output, filter settings, and gain
and contrast settings were held constant throughout). Each scan was corrected
for background variations and noise by the LSM scanning software during the
compilation process. This correction resulted in enhanced resolution but did not
affect exposure levels. Postcollection processing of the images was performed
using Adobe PhotoShop. As before, no changes in image brightness or contrast
were made.

For transmission electron microscopy (TEM) analysis, samples were prepared
as described previously (28). TEM imaging was performed using a JEOL 1010
series transmission electron microscope.

Adherence and invasion assays. Adherence and invasion assays were con-
ducted as described previously (37), with the modification that 3-D Int-407 cells
were seeded into 24-well tissue culture plates for infectivity assays. The number
of cells associated with 3-D aggregates was initially determined by counting
released nuclei as described previously (18). As a confirmation of the number of
cells counted by released nuclei, cells in the 3-D aggregates were also counted by

FIG. 2. Morphological comparison of paraffin-sectioned normal
human small intestine (A), paraffin-embedded Int-407 monolayer cul-
tures (B), and paraffin-sectioned Int-407 3-D aggregates (C) stained
with hematoxylin-eosin. Note the clear, 3-D organization observed in a
cross section of an Int-407 3-D-construct (C, arrow), morphologically
reminiscent of the intestinal villi seen in normal small intestine (A). In
contrast, note the complete lack of organization observed when Int-
407 cells are cultured as standard monolayers (B). A sectioned micro-
carrier bead can be seen in panel C (asterisk). All micrographs were
obtained at an 200 �magnification.
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dissociation into individual cells by treatment with 0.1% EDTA. The cell number
and viability were determined by trypan blue dye exclusion.

Analysis of cytokine expression of Int-407 cells following Salmonella infection.
The cytokine mRNA profiles expressed following Salmonella infection of 3-D
Int-407 tissue aggregates and Int-407 monolayers were analyzed and quantified
using a commercially available multiprobe RNase protection assay (RiboQuant;
PharMingen, San Diego, Calif.). Total RNA isolated from uninfected and in-
fected 3-D intestinal aggregates and Int-407 monolayers was extracted using
TriReagent in an acid guanidinium thiocyanate-phenol-chloroform method ac-
cording to the manufacturer’s instructions (Molecular Research Center, Inc.,
Cincinnati, Ohio). Total RNA was then used in RNase protection assays with a
mixture of [32P]UTP-labeled antisense riboprobes generated from a panel of
different human cytokine templates, specifically in this case tumor necrosis factor
alpha (TNF �), interleukin 1� (IL-1�), IL-1�, TNF-�, lymphotoxin �, gamma
interferon, alpha interferon, IL-6, IL-10, IL-12, IL-18, and transforming growth
factor � (TGF-�1). The template mixtures containing these cytokine templates

also included templates for the housekeeping genes encoding glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and L32 (a ribosomal protein) to ensure
equal loading of total RNA onto 6% polyacrylamide–7 M urea gels.

Quantification of each mRNA was accomplished with a Fuji FLA-3000 Phos-
phorImager and ImageGauge software. Each mRNA band was normalized to
L32 or GAPDH from the same RNA sample, and the data are presented as
arbitrary units of each given cytokine.

Prostaglandin immunoassays. Levels of prostaglandin E2 (PGE2) were deter-
mined in culture supernatants of infected and uninfected 3-D Int-407 cells
seeded into 24-well tissue culture plates and of Int-407 monolayers by enzyme
immunoassay according to the manufacturer’s instructions (R&D Systems).
Bacteria were prepared for infections as described above with an MOI of 50:1 to
100:1. All Int-407 cells were infected for 1 h with �3339 and cultured for an
additional 7 h in the presence of gentamicin (10 �g/ml) to kill any remaining
extracellular bacteria. Culture supernatants were sampled for PGE2 expression
prior to addition of Salmonella and at 1, 2, and 8 h following infection.

FIG. 3. Immunohistochemical analysis of 3-D Int-407 aggregates compared to Int-407 monolayers. This figure demonstrates positive staining
in 3-D Int-407 tissue aggregates for collagen type II, fibronectin, sialyl Lewis A, and villin (B, D, F, and H, respectively) (�100) and the absence
of staining for cytokeratin 18 (J) compared to Int-407 monolayers stained for the same markers (A, C, E, G, and I, respectively) (�100).
Antibody-negative controls for 3-D tissue aggregates and monolayers (K and L, respectively) (�100) demonstrate a total lack of staining. For
reference, circular and oval lumenal areas seen in the photos are cross sections of microcarrier spheres around which cellular material is growing.
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Apoptosis analysis. Following incubation for 1.5 h with or without Salmonella,
Int-407 monolayers and 3-D aggregates were dissociated into individual cells by
treatment with 0.1% EDTA. The cell number and viability were determined by
trypan blue dye exclusion. The resulting single cell suspensions were washed with
calcium-containing phosphate-buffered saline and incubated for 15 min with
fluorescein isothiocyanate-conjugated annexin V (R&D Systems) and/or pro-
pidium iodide to quantitate apoptosis and necrosis, respectively. Positive controls
for apoptosis and necrosis were cultures of 3-D Int-407 tissue aggregates or
monolayers cultured with actinomycin D (1 �g/ml) and sodium azide (1.0%),
respectively. These control cells were incubated with actinomycin D or sodium
azide for 2 to 3 h prior to washing and staining with fluorescein isothiocyanate-
annexin V and propidium iodide and analysis on a FACSVantage flow cytometer.

RESULTS

Immunohistochemical characterization of cultured cells.
Characterization of the in vivo epithelial cell expression char-
acteristics of the RWV-grown intestinal 3-D aggregates rela-
tive to monolayer cultures was performed by examining immu-
nohistochemical and proto-oncogene expression patterns of
histological sections of these cultured cells. Immunohisto-
chemical analysis was performed on histological sections of
tissue obtained from the RWV and monolayer controls with
antibodies against collagens II and III, fibronectin, vimentin,
pancytokeratin, sialyl Lewis A (M-cell marker), villin, and cy-
tokeratin 18. Immunohistochemical analysis of 3-D Int-407
tissue aggregates and Int-407 monolayers revealed striking dif-
ferences between the two cultures. In general, the 3-D intes-
tinal aggregates demonstrated tissue organization similar to
that found in vivo (Fig. 2C and A, respectively), while mono-
layer material showed poor organization (Fig. 2B), reduced
expression of specific markers normally present in differenti-
ated human intestinal epithelium, and reduced expression of
the differentiated phenotype. Specifically, 3-D aggregates of
Int-407 cells exhibited very strong staining for the extracellular
matrix proteins collagen type II (Fig. 3B) and fibronectin (Fig.
3D), compared to weakly to moderately positive staining for
these same epitopes in Int-407 monolayers (Fig. 3A and C,
respectively). In addition, expression of the M-cell glycoconju-

gate sialyl Lewis A antigen was also enhanced in the 3-D
aggregates (Fig. 3F) relative to the monolayers (Fig. 3E). 3-D
aggregates also exhibited increased staining for the cytoskel-
etal marker villin (an abundant protein in the brush border
epithelial cells of the small intestine) (Fig. 3H), compared to
the weaker staining for this epitope observed in Int-407 mono-
layers (Fig. 3G). Interestingly, expression of cytokeratin 18, a
marker associated with tumor, abnormal, and undifferentiated
cells, was significantly down-regulated in the 3-D aggregates
(Fig. 3J) compared to monolayers (Fig. 3I). Moreover, the 3-D
aggregates also exhibited enhanced staining for collagen III,
vimentin, and pancytokeratin compared to monolayers (data
not shown). Negative controls for all immunohistochemical
analyses are shown in Fig. 3K (monolayers) and 3L (3-D ag-
gregates). In addition, histochemical staining with PAS showed
mucins to be produced by the 3-D Int-407 aggregates (Fig. 4)
but not by monolayers (data not shown).

Characterization of the in vivo epithelial cell expression
characteristics of the intestinal 3-D aggregates relative to
monolayer cultures was further studied via immunohistochem-
ical analysis by whole-mount confocal microscopy of tissue
obtained from the bioreactor and monolayer controls with
antibodies against type IV collagen, laminin, cadherin, epithe-
lium-specific antigen (ESA), and cytokeratin 7, all of which are
proteins that serve as widely accepted markers of epithelial
differentiation. Immunostaining for ESA, an antigen expressed
only in epithelia, indicated that the Int-407 cells were indeed
epithelial in nature. All cells in both the monolayer cultures
and the 3-D epithelial constructs expressed this antigen (Fig.
5B and A, respectively). Confocal microscopy of the cell sur-
face ESA showed how densely populated the interstices of the
stratified epithelioid 3-D constructs were with closely adherent
layers of cells—a finding quite divergent from that seen in
monolayer culture (Fig. 5A and B, respectively).

As epithelia form, the cells adhere to each other via lateral
cell-cell interactions mediated by a class of plasmalemmal
binding proteins known as the cadherins. Developmentally ma-
ture epithelia display a very tight association of cadherins to
their lateral surfaces in the areas where they adhere to other
cells. Ultrastructurally, this zonula adherens is easily identified
as a band of actin filaments decorated with dense accumula-
tions of cadherin protein. The 3-D Int-407 cultures showed just
such a dense, regular appearance of the cadherin assemblies
along their lateral cell-cell boundaries (Fig. 5C). By compari-
son, the monolayer cultures displayed copious cadherin accu-
mulations only in areas containing closely proximated cells,
areas that occur with much less frequency (Fig. 5D). This
indicated that the 3-D culture constructs have very well defined
lateral cell-cell borders and junctional complexes throughout,
while the monolayer cultures appear to still be in the process of
initiating lateral polarity in a large proportion of the cell pop-
ulation.

In comparison to Int-407 cells grown as monolayers in cul-
ture, the expression of laminin (Fig. 5I and J) and type IV
collagen (Fig. 5K and L) was noticeably up-regulated. Both of
these proteins are known to contribute to formation of the
basal lamina, a structural component of all developmentally
mature and fully functional epithelia. Developmentally, the
basal lamina is deposited at the cell-substrate interface of a
nascent epithelium defined only by lateral cell-cell adhesions,

FIG. 4. PAS of paraffin sections of Int-407 3-D constructs. Note the
presence of isolated PAS-positive cells (large arrows) surrounded by
PAS-negative cells. Cytodex beads (asterisks) and some discrete areas
of extracellular matrix (small arrows) also exhibit a positive reaction
with the PAS. The presence of a differential PAS pattern in paraffin
sections of 3-D constructs suggests the presence of a mucus-producing
subpopulation of cells within the construct.
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FIG. 5. Confocal images of antibody-stained Int-407 monolayers and 3-D constructs. Confocal images of Int-407 cells grown as monolayers (B,
D, F, H, J, and L) and 3-D aggregates (A, C, E, G, I, and K) stained with monoclonal antibodies against ESA (A and B), cadherin (C and D),
cytokeratin 19 (E and F) (note that the 150-�m beads are delineated by a dotted outline in panel E), cytokeratin 7 (G and H) (note that the 150-�m
beads are delineated by a dotted outline in panel G), laminin (I and J), and collagen type IV (K and L).
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thus imparting an apical-basal polarity to the entire structure.
In 3-D Int-407 cultures, the presence of these basal laminal
proteins, and their deposition at the cell-substratum interface,
is highly indicative of the first stages in the formation of apical-
basal polarity (Fig. 5I and K, respectively).

Finally, we studied the expression and histological pattern of
a group of cytoskeletal proteins, the cytokeratins. Cytokeratin
19, a marker associated with tumor and abnormal cells, was
dramatically down-regulated in the 3-D aggregates (Fig. 5E)
(note that 150-�m beads are delineated by a dotted outline in
the figure) compared to monolayers (Fig. 5F). Conversely,
cytokeratin 7, absent in the monolayer cultures (Fig. 5H) was
up-regulated by 3-D culture conditions (Fig. 5G). While we are
not yet sure what this cytokeratin modulation means with re-
spect to the functional specificity of the 3-D constructs, we can
consider this finding indicative of large-scale phenotypical al-
terations associated with 3-D culture.

TEM analysis. Characterization of the in vivo epithelial cell
expression characteristics of the 3-D intestinal aggregates rel-
ative to monolayer cultures was further examined using TEM
analysis. Overall, monolayer cultures demonstrated poor struc-
tural and functional fidelity compared to their 3-D counter-
parts. Specifically, monolayer cultures exhibited irregular mi-
crovillus development (Fig. 6A), significant cellular granularity
(Fig. 6B) accompanied by minimal tight junction formation
(Fig. 6A and B), poorly formed glandular and/or vacuole-like
formation (Fig. 6B), lack of apical polarity, and poorly formed
desmosomes (Fig. 7). In contrast, 3-D cultures demonstrated
well-developed and abundant microvilli (Fig. 6C) which were
apically oriented (Fig. 6F); well-formed tight junctions (Fig.
6D and E); numerous, well-formed vacuole-like structures
(Fig. 6D); and well-formed desmosomes (Fig. 7).

Adherence and invasion assays. An initial step in the patho-
genesis of Salmonella infection is the adherence and entry of
these organisms into the intestinal epithelium. Accordingly, we
examined the ability of serovar Typhimurium �3339 to adhere
to and invade 3-D tissue aggregates of Int-407 cells compared
to Int-407 monolayers. Representative data from three trials
showed that, with respect to the percentage of initial inoculum
(MOI of 10:1), the adherence and invasion of Salmonella into
3-D Int-407 cells (2.6 � 1.3 and 1.3 � 0.8, respectively) was
significantly lower than that observed for Int-407 monolayers
(48.0 � 19.0 and 51.0 � 18.0, respectively). The adherence and
invasion numbers observed in this study for �3339 for the
Int-407 monolayers are consistent with those published previ-
ously (37).

Pathology of 3-D tissue aggregates relative to monolayers
before and after infection with Salmonella. SEM was used to
examine surface interactions and membrane structural alter-
ations which occurred over time following Salmonella infection

of 3-D Int-407 aggregates compared to monolayers. Observa-
tions of numerous samples revealed major changes in the in-
tegrity of the monolayers compared to 3-D intestinal tissues
following time course infections with Salmonella at the same
MOI. At time zero, SEM revealed typical, young confluent
monolayers (Fig. 8A). As early as 10 min postinfection, ob-
servable differences in structural integrity were observed in the
Int-407 monolayers compared to uninfected controls, the
former showing extensive formation of membrane blebs and
several areas of protruding cytoplasm resembling membrane
ruffles (Fig. 8B), as observed previously for serovar Typhi-
murium (reviewed in reference 17). One hour postinfection,
the Int-407 monolayers appeared swollen with membrane
blebs and the formation of pathological lesions (Fig. 8C).
There was a dramatic loss of structural integrity of the mono-
layers at 2 h postinfection, including the presence of extensive
lesions, as well as large swollen areas of denuded surface mem-
brane (Fig. 8D).

Three-dimensional Int-407 tissue aggregates infected with
Salmonella did not display as extensive a loss of structural
integrity as that observed for infected Int-407 monolayers fol-
lowing the same time course of infection. At time zero (i.e.,
uninfected control), SEM revealed dense masses of cells asso-
ciated with the microcarrier beads with apparent mucus-like
extracellular secretions covering the cells. Note the fuzzy ap-
pearance of what appears to be mucus present on the epithelial
cell aggregates (Fig. 9A). Ten minutes postinfection, the sur-
face of the 3-D Int-407 cells appears slightly irritated; however,
unlike the infected monolayers, few bacteria are observed in
association with the surface of the 3-D aggregates (Fig. 9B).
One hour postinfection, numerous depressed and/or pitted
areas are evident, which are devoid of mucus-like extracellular
secretions (Fig. 9C). By 2 h postinfection, numerous lesions are
apparent on the surface of the 3-D Int-407 cells. In addition,
regions of membrane blebbing are also abundant (Fig. 9D).

Analysis of cytokine expression of human intestinal epithe-
lial cells following Salmonella infection. To characterize the
cytokine expression of 3-D Int-407 aggregates compared to
monolayer cultures following infection with serovar Typhi-
murium, we used a commercially available multiprobe RNase
protection assay to quantify and compare the cytokine mRNA
profiles. Infection of both Int-407 monolayers and 3-D aggre-
gates with serovar Typhimurium resulted in significantly in-
creased expression of TNF-�, IL-6, IL-1�, IL-1�, and IL-1Ra
at 1 and 2 h after infection compared to uninfected monolayers
and 3-D aggregates, respectively. Representative data are
shown for TNF-� (Fig. 10A) and IL-6 (Fig. 10B). Infection of
Int-407 monolayers with Salmonella induced significantly in-
creased expression of TNF-� at 1 h after infection (P � 0.0005)
and at 2 h after infection (P � 0.0001) compared to uninfected

FIG. 6. Transmission electron micrographs of 3-D Int-407 aggregates compared to Int-407 monolayers. This figure demonstrates TEM images
of Int-407 monolayers (A and B) and 3-D Int-407 cells (C to F). Note the poorly developed and sparse microvilli observed in the monolayers (A)
compared to the well-developed and abundant microvilli in the 3-D aggregates (L) (solid arrows). In addition, the monolayers showed high levels
of cellular granularity (B, asterisk) indicative of poorly differentiated cells. Moreover, the monolayers (A and B) demonstrated inferior tight
junction formation compared to the 3-D aggregates (D and E) (concave arrows). Panel E shows the formation of tight junctions which run nearly
the length of the margin between two 3-D cells (concave arrows). Note the presence of numerous, well-formed vacuole-like structures in the 3-D
aggregates (D) compared to their poorly developed counterparts in the monolayers (B) (arrowheads). In panel F, two Cytodex microcarrier beads
(b) can be seen which are partially covered with 3-D cells. Note the apical orientation of the microvilli toward the luminal (L) side.
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monolayers (Fig. 10A). TNF-� mRNA levels were significantly
elevated at 1 h (P � 0.0005) and 2 h (P � 0.0001) after
infection of 3-D aggregates compared to uninfected 3-D ag-
gregates; however, TNF-� expression did not increase from 1 h
after infection to 2 h after infection (Fig. 10A). Although
infection of both Int-407 monolayers and 3-D aggregates re-
sulted in increased TNF-� mRNA levels, TNF-� expression
was more than fivefold higher in the monolayers at 2 h after
infection than in the 3-D aggregates. Similarly, infection with
serovar Typhimurium induced expression of IL-6 in both Int
407 monolayers and 3-D aggregates (Fig. 10B). Significantly
higher levels of IL-6 mRNA were detected at 1 h (P � 0.002)
and 2 h (P � 0.0001) after infection of Int-407 monolayers
compared to uninfected monolayers. Infection of Int-407
monolayers resulted in greater than a 50-fold increase in IL-6
transcription at 2 h after infection compared to uninfected
monolayers (Fig. 10B). Although IL-6 transcription in Int-407
3-D aggregates was significantly higher at 2 h after infection
(P � 0.005) compared to uninfected 3-D aggregates, the over-
all increase was just over threefold in magnitude.

Transcription of IL-1�, IL-1�, and IL-1Ra was also elevated
following infection of Int-407 monolayers and 3-D aggregates
(data not shown). In each case, constitutive expression was
higher in uninfected 3-D aggregates than in monolayers. By 2 h
after infection of monolayers, IL-1� expression increased by
17-fold compared to uninfected monolayers and IL-1� expres-
sion increased by 13-fold, whereas expression of the IL-1 in-
hibitor, IL-1Ra, increased by just over 3-fold. In contrast, 2 h
after infection of 3-D aggregates, IL-1� expression increased
fourfold and IL-1� expression increased approximately three-
fold while expression of IL-1Ra was increased twofold com-
pared to uninfected 3-D aggregates. Taken together, it appears
that IL-1� and IL-1� expression is up-regulated more in Int-
407 monolayers than in 3-D aggregates, whereas expression of

the IL-1 inhibitor, IL-1Ra, is increased about the same in
monolayers as in 3-D aggregates following infection with ser-
ovar Typhimurium. Thus, proinflammatory effects of IL-1�
and IL-1� may be more prominent in the Int-407 monolayers
following infection with serovar Typhimurium than in the 3-D
aggregates.

TGF-�1 frequently serves in an immunosuppressive role
(27); thus, we examined expression of this cytokine following
infection of Int-407 monolayers and 3-D aggregates. Although
infection with serovar Typhimurium did not significantly affect
expression of TGF-�1 at 1 or 2 h after infection of either
monolayers or 3-D aggregates, TGF-�1 mRNA levels were
always twofold higher in the 3-D aggregates than in the mono-
layers (data not shown).

Assay for apoptosis of human intestinal epithelial cells after
Salmonella infection. When grown as monolayers, several cell
lines have been shown to undergo apoptosis following Salmo-
nella infection (4, 25). To assess the relationship between bac-
terial infectivity and death of human intestinal Int-407 cells
cultured in the RWV or as monolayers, we used flow cytoflu-
orometry to characterize apoptotic cell death of these cells
before and after Salmonella infection. Following 1.5 h of in-
fection with Salmonella, Int-407 monolayers contained approx-
imately eightfold more apoptotic cells (68.3%) than did control
uninfected monolayers (8.8%). In contrast, there was no in-
crease in apoptosis following the same time course of Salmo-
nella infection of 3-D Int-407 aggregates, with a 5.2 and 7.3%
apoptotic index of aggregates pre- and postinfection, respec-
tively.

Prostaglandin production by Salmonella-infected and unin-
fected human intestinal epithelial cells. Increased prostaglan-
din synthesis from epithelial cells following Salmonella infec-
tion in vitro has previously been demonstrated (9). To
determine whether there was a differential induction of pros-

FIG. 7. Transmission electron micrographs of desmosome formation in the 3-D Int-407 aggregates compared to monolayers. This figure
demonstrates TEM images of Int-407 monolayers (A) and 3-D Int-407 cells (B), showing well-formed and extensive desmosome formation in the
latter. The desmosomes consist of two opposing dense plaques on the cytoplasmic membranes (shown by arrowheads). Note the poorly formed
and incomplete nature of the desmosomes in the monolayers.
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taglandin synthesis in response to Salmonella infection be-
tween the Int-407 cells cultured as 3-D aggregates and those
cultured as monolayers, we measured PGE2 levels in these
cells by immunoassay before and after infection with �3339.
Levels of PGE2 were not increased in 3-D Int-407 cells or in
monolayers following Salmonella infection at 1, 2, or 8 h (Table
1). In contrast, there was a significant increase in the level of
constitutive PGE2 synthesis (approximately 79-fold) in the un-
infected 3-D Int-407 cells compared to monolayer cultures
(Table 1).

DISCUSSION

In this study, we used a novel class of rotating bioreactors,
which are optimized to minimize shear and turbulence, to
culture 3-D human intestinal epithelial tissue retaining many
differentiated features as a model to study the infectivity of the
enteroinvasive pathogen Salmonella. Our results indicate that
the 3-D cultured human intestinal cells more accurately model
in vivo tissues than do monolayer cultures of the same cells and
thus more closely replicate the complex environment encoun-

tered by Salmonella during the natural course of human infec-
tion. These observations are characterized by important differ-
ences between the 3-D Int-407 cells and Int-407 monolayers in
response to infection with Salmonella, including differences in
adherence, invasion, apoptosis, prostaglandin synthesis, and
tissue pathology.

Studies of the intestinal 3-D aggregates and monolayer cul-
tures via fluorescent and whole-mount confocal microscopy
using proteins that serve as widely accepted markers of epi-
thelial differentiation revealed a number of important distinc-
tions between the two culture conditions. In general, histolog-
ical sections of the 3-D intestinal aggregates revealed tissue
organization and differentiation similar to that found in vivo,
while monolayer material showed poor organization, reduced
expression of specific markers normally present in differenti-
ated human intestinal epithelium, and reduced expression of
the differentiated phenotype. The increased expression by 3-D
aggregates of extracellular and basement membrane proteins,
specific epithelial and endothelial cell markers, and mucin
indicates important aspects of differentiated tissues and sug-

FIG. 8. Scanning electron micrographs of Salmonella interaction with Int-407 monolayers. Shown are electron micrographs of uninfected and
infected Int-407 monolayers (�2,000). (A) Uninfected monolayer control. (B) Monolayer at 10 min postinfection (at an MOI of 10:1), showing
major surface alterations, including extensive formation of membrane blebs and several surface structures resembling membrane ruffles. (C) By
1 h postinfection, the Int-407 cell surface appears swollen and denuded with membrane blebs. (D) At 2 h postinfection, Int-407 cells exhibit a loss
of structural integrity with numerous membrane alterations including blebs and the formation of pathological lesions, as well as some surface-
bound bacteria.
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gests that the 3-D cell aggregates have the ability to organize
and develop into complex tissue assemblies capable of express-
ing in vivo-like functional characteristics. The enhanced ex-
pression by 3-D aggregates of sialyl Lewis A suggests that the
M-cell glycosylation pattern expressed on the surface of the
3-D Int-407 aggregates grown in the RWV may present an
epithelial surface to the infecting microbe which more closely
resembles that encountered within the host during infection,
relative to the Int-407 monolayers. This finding is of particular
relevance, since numerous pathogens in addition to Salmonella
demonstrate a tropism for M cells. However, no continuous
M-cell line is currently available. The expression of distinct
glycoconjugates by normal human Peyer’s patch M cells sug-
gests an important role for carbohydrate epitopes in the func-
tion of this unique epithelial cell type. The structural modifi-
cations of the M-cell apical surface and the display of
particular oligosaccharides together would allow M cells to
present a conspicuously unique biochemical face to the lumen
which might facilitate adherence, uptake, and immunological
sampling of microorganisms (13). Interestingly, expression of

cytokeratins 18 and 19, markers associated with tumor, abnor-
mal, and undifferentiated cells, was significantly down-regu-
lated in the 3-D aggregates compared to monolayers. The
decreased expression of cytokeratin 18 is suggestive of a shift
from a relatively undifferentiated state (as in the monolayers)
to the differentiated phenotype observed for the 3-D tissue
aggregates. In addition, the 3-D constructs contained a mucus-
producing subpopulation of cells that expressed a differential
phenotype compared to the surrounding cells. This differential
staining pattern is very similar to that observed for mucus-
secreting goblet cells within paraffin-fixed sections of intestinal
tissue. The presence of a subpopulation of PAS-positive cells
in the 3-D Int-407 cell constructs, and not in the monolayers,
suggests strongly that culture of these cells in the bioreactor as
3-D, multicellular constructs results in the expression of dif-
ferential cellular phenotypes, one of which apparently is a
mucus-producing cell type, and represents another important
similarity to the intestinal mucosa.

Both culture types expressed ESA and cadherin on the cell
surfaces; the stratified epithelioid 3-D constructs express a

FIG. 9. Scanning electron micrographs of uninfected and infected 3-D Int-407 aggregates. Shown are electron micrographs of uninfected and
infected 3-D Int-407 aggregates in the RWV (�2,000). (A) Uninfected 3-D Int-407 control showing dense masses of cells with extracellular
secretions. (B) 3-D Int-407 aggregates at 10 min postinfection (at an MOI of 10:1), showing minor irritation on the Int-407 apical cell membrane.
(C) By 1 h postinfection, numerous surface depressions and/or membrane blebs are apparent on the 3-D Int-407 cells, with depressed regions
devoid of mucus-like secretions. (D) At 2 h postinfection, the surface of the 3-D Int-407 cells is quite irregular and associated with what appear
to be numerous surface lesions. Note that few surface-bound bacteria were observed at any of the above postinfection times.
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much greater amount of these proteins. Furthermore, the pro-
teins are localized specifically to cell-cell interfaces within the
closely adherent cell layers of 3-D cultures. This finding indi-
cates that the 3-D culture constructs have well-defined lateral

cell-cell borders and junctional complexes throughout, while
the monolayer cultures appear to possess nascent lateral po-
larity in a large proportion of the cell population. The expres-
sion of the basal lamina proteins type IV collagen and laminin
was up-regulated in the 3-D cultures compared to monolayers.
During the development of polarity in the epithelial pheno-
type, the basal lamina is deposited at the cell-substrate inter-
face of a nascent epithelium following the establishment of
strong lateral polarity within that epithelium. In 3-D Int-407
cultures, which already possess well-established lateral polar-
ity, the up-regulated synthesis of basal laminal proteins is
highly indicative of the first stages in the formation of apical-
basal polarity. Furthermore, the deposition of these proteins at
the cell-substrate interface, in this case the surface of the
Cytodex microcarrier beads, indicates that the 3-D cultured
cells are setting up apical-basal polarity by constructing a nas-
cent basal lamina on their substrate.

Moreover, the 3-D intestinal aggregates exhibited well-
formed and numerous microvilli at their apical cell surfaces,
abundant and well-developed vacuole-like formation, exten-
sive and well-formed tight junctions, and desmosomes. In sum-
mary, the 3-D Int-407 aggregates more closely resemble hu-
man differentiated intestinal epithelium than do conventional
monolayer cultures of the same cells. As such, 3-D Int-407
cultures would be predicted to more closely replicate the com-
plex environment encountered by Salmonella during the natu-
ral course of human infection.

Results from infectivity studies demonstrated that Salmo-
nella established infection of the 3-D human intestinal cells in
a different manner from that of monolayer cultures. Salmonella
exhibited significantly reduced abilities to adhere to and invade
the 3-D human intestinal aggregates compared to monolayer
cultures. In agreement with this finding, SEM analysis revealed
fewer Salmonella bacteria associated with the surface of the
3-D aggregates compared to monolayers. This may be a reflec-
tion of the differential expression of host cell surface adhesins
by the 3 D Int-407 cells, which are more relevant to the in vivo
setting than is growth as monolayers. It is important to note
that, in the infected 3-D cells, Salmonella invasion can proceed
through the external epithelial cells of the aggregates and into
the underlying cells. Our invasion studies were conducted for a
2-h period, and thus the bacteria would have had ample time to
invade the deeper tissues of the aggregate. However, Salmo-
nella exhibited significantly reduced abilities to invade the 3-D
human intestinal aggregates compared to monolayers. There is
compelling evidence in the literature to suggest that the lower
levels of Salmonella invasion observed for the 3-D aggregates
compared to the monolayers may be physiologically relevant to

FIG. 10. Cytokine expression of Int-407 monolayers and 3-D tissue
aggregates following Salmonella infection. Total RNA was isolated
from Int-407 monolayers and 3-D tissue aggregates prior to infection
with Salmonella and at 1 and 2 h after infection. Five micrograms of
total RNA from each sample was hybridized individually with radio-
labeled riboprobes specific for TNF-� (A) or IL-6 (B) and subjected to
RNase protection assay. PhosphorImager technology was used to
quantify the levels of transcription of each cytokine and the house-
keeping gene GAPDH. Levels of TNF-� and IL-6 transcripts were
normalized using GAPDH transcription levels of the same RNA sam-
ple, and the levels are displayed as arbitrary units. Four to five repli-
cates of each condition were used to generate means and standard
errors of the means (SEM).

TABLE 1. PGE2 production by Int-407 cells before and after infection with Salmonellaa

Culture
PGE2 produced (ng/ml)

Control 1 h 2 h 8 h

Int-407 monolayers 237.1 � 16.2 349.3 � 84.7 180.6 � 18.6 162.9 � 124.0
3-D Int-407 cells 18,724.3 � 1,590 16,985 � 1,240.0 14,142.9 � 2,280 16,772.0 � 73.6

a Time course of PGE2 levels before and after Salmonella infection of 3-D Int-407 cells and Int407 monolayers. Monolayers of Int-407 cells in 24-well plates or 3-D
Int-407 cells cultured in 24-well plates were infected for 1 h with serovar Typhimurium �3339 at an MOI of approximately 50:1. After 1 h, cultures were further
incubated with gentamicin (10 �g/ml) for another 7 h. At the indicated times after infection, culture supernatants were collected and analyzed for PGE2 by enzyme
immunoassay.
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Salmonella-induced gastroenteritis. Several studies have docu-
mented that the actual requirement for intestinal invasion for
the induction of Salmonella-induced enteritis is not clear. That
is to say, while it is generally assumed that Salmonella inva-
siveness is important in virulence, the actual requirement for
intestinal invasion for the induction of enteritis is not clear.
Indeed, in bovine intestinal infections, the vast majority of the
inoculum remains in an extracellular niche (44, 45), and it has
been shown elsewhere that extracellular bacteria can translo-
cate effector proteins in the absence of invasion and that these
effector proteins are required for enteritis (5). Studies have
indicated that invasion is not sufficient to induce transepithelial
signaling that leads to polymorphonuclear leukocyte migration
associated with enteritis (32). Moreover, the secreted type III
effector protein SipA is sufficient, in the absence of invasion, to
induce a protein kinase C-dependent proinflammatory re-
sponse in epithelial cells (29). These results bring into question
the requirement for invasion in the induction of Salmonella-
induced gastroenteritis. Accordingly, the lower levels of inva-
sion observed for the 3-D Int-407 cells following Salmonella
infection than for monolayers would appear to be in agreement
with the above studies.

Although Salmonella adhered to and invaded the 3-D intes-
tinal cells poorly, these cells did exhibit signs of Salmonella-
induced damage at later postinfection time points. The ques-
tion arises as to how Salmonella is able to induce damage in the
host epithelium if it poorly adheres to and invades this tissue.
In vitro studies have shown that the type III secretion system
encoded on Salmonella pathogenicity island I is required for
the translocation of proteins into host epithelial cells and the
induction of fluid secretion and inflammatory responses (11,
12, 40). Given the inherent differences between the structural
modifications of the surfaces of the 3-D intestinal epithelial
cells and those for monolayers, it is possible that the secretion
of type III effector proteins is induced in a different manner in
the 3-D aggregates following Salmonella infection.

Both in vitro and in vivo studies have shown that interaction
of wild-type virulent serovar Typhimurium with intestinal ep-
ithelium induces a number of morphological changes in the
host epithelium important for subsequent bacterial invasion.
These changes include cytoskeletal rearrangement with the
formation of membrane ruffles upon the site of Salmonella
contact, blunting and transient denuding and/or degeneration
of microvilli from enterocytes, destruction of M cells, and the
formation of pathological lesions (reviewed in reference 11). In
this study, we show that 3-D Int-407 aggregates displayed min-
imal change in overall morphology following Salmonella infec-
tion compared to the extensive loss of integrity observed for
Int-407 monolayers following the same time course of infec-
tion. Since the 3-D aggregates more closely resemble human
intestinal epithelium, the difference in structural integrity fol-
lowing Salmonella infection of these tissues compared to
monolayers is likely more reflective of an in vivo infection.

Induction of tissue damage in the form of apoptosis is a
common response of host tissues to infection with bacterial
pathogens. Indeed, several mediators produced in response to
Salmonella infection, such as TNF-�, also have the potential to
induce apoptosis of epithelial cells (25). Not surprisingly, Sal-
monella spp. have been shown previously to induce apoptosis
following infection of several cell types, including cultured

macrophages (4, 36) and a human colonic epithelial cell line
(25). However, the onset of cell apoptosis in each of these cell
types following Salmonella infection was much different, with a
rapid onset of apoptosis (within 2 h) following infection of
macrophages (4, 36) and a delay of up to 12 to 18 h following
bacterial entry into colon epithelial cell lines (25). It is impor-
tant to note that previous studies investigating Salmonella-
induced apoptosis of epithelial cells have used different cell
lines and/or different strains of Salmonella than those used in
our studies. In our studies, the percent apoptosis in Int-407
cells grown as monolayers was significantly increased 90 min
postinfection with Salmonella compared to uninfected con-
trols. Specifically, we observed a rapid onset of apoptosis fol-
lowing Salmonella infection of Int-407 monolayers, with a 70 to
90% apoptotic index occurring 90 min after infection. How-
ever, there was no difference in apoptosis between infected and
uninfected 3-D Int-407 tissue aggregates at the same time
postinfection. These data are in agreement with the pathology
of 3-D tissue aggregates relative to monolayers before and
after infection with serovar Typhimurium. In addition, the
results from adherence and invasion studies also support these
observations, as Salmonella adherence to and invasion into 3-D
Int-407 aggregates were significantly less than those observed
for Int-407 monolayers. Considering that the vast majority of
cases of Salmonella-induced gastroenteritis go unreported (less
than 5% reported), it seems unlikely that, following ingestion
of Salmonella, approximately 70% of human intestinal epithe-
lial cells undergo apoptotic death. Thus, the lower levels of
apoptosis observed following Salmonella infection of 3-D hu-
man intestinal aggregates would likely be more reflective of an
in vivo infection.

Recent work with cultured epithelial cell lines has begun to
elucidate the molecular mechanisms by which Salmonella in-
duces inflammation (reviewed in reference 6). While the exact
model by which Salmonella triggers diarrhea remains incom-
pletely defined, results from both in vivo and in vitro studies
suggest that, in response to Salmonella invasion, epithelial cells
rapidly up-regulate the expression and secretion of an array of
cytokines known to be important for the initiation of an acute
inflammatory response, including TNF-� (24) and an array of
proinflammatory mediators, like IL-8 (8, 31) and pathogen-
elicited epithelial chemoattractant (33), that chemoattract
neutrophils and mononuclear phagocytes to the site of infec-
tion. Thus, in the early stages following Salmonella invasion,
epithelial cells produce mediators that have the potential to
orchestrate the onset of the mucosal inflammatory response.
Moreover, it is possible that the increased expression of the
proinflammatory cytokines TNF-� and IL-6 by the Int-407
monolayers compared to the 3-D aggregates in response to
Salmonella infection is, in part, responsible for the dramatic
increase in damage to the monolayers compared to 3-D Int-407
tissue aggregates. Furthermore, the enhanced basal level of
expression of TGF-�1 by the uninfected 3-D Int-407 cells com-
pared to monolayers is relevant to the in vivo condition, in
which the intestinal mucosa constitutively produces high levels
of this cytokine (46).

We show in this work that Int-407 monolayers responded to
infection with Salmonella by increasing the transcriptional ex-
pression of genes encoding the proinflammatory and immuno-
modulatory cytokines IL-1�, IL-1�, IL-6, and TNF-�, the last
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of which has been shown previously to induce apoptosis in
several cell types (1, 2, 19, 42). In contrast, 3-D Int-407 tissue
aggregates infected with Salmonella increased expression of
the anti-inflammatory cytokine IL-1Ra. These results suggest
that the relatively undifferentiated Int-407 monolayers react
differently to infection with Salmonella than do the 3-D Int-407
tissue aggregates. Although infection of 3-D Int-407 tissue
aggregates with Salmonella stimulated increased transcription
of these same cytokines, the magnitude of induction of expres-
sion was markedly less than with Int-407 monolayers.

In vitro and in vivo studies have reported that, following
infection with Salmonella, increased prostaglandin synthesis by
polymorphonuclear leukocytes (14–16) and epithelial cells (9)
is important for the increased fluid secretion from intestinal
epithelium. However, the role of prostaglandins in the devel-
opment of Salmonella-induced diarrheal disease in humans has
not been established. It has been suggested that, in addition to
regulating gastrointestinal fluid secretion, epithelium-derived
prostaglandins may limit the extent of mucosal injury following
infection with invasive bacteria (35, 38). While it is unclear as
to how prostaglandins may exert mucosa-protective events,
they have been shown previously to down-regulate the produc-
tion of several proinflammatory cytokines, such as IL-1 (26).
The results from our studies are in agreement with a role for
prostaglandins in mediating a protective response against Sal-
monella-induced damage to the epithelial mucosa. We have
demonstrated that constitutive levels of PGE2 synthesis in un-
infected 3-D Int-407 cells were significantly higher than those
observed for uninfected monolayer cultures.

To our knowledge, this report is the first to investigate the
use of 3-D tissue aggregates cultured in the RWV as a model
for microbial infectivity by a bacterial pathogen. It is antici-
pated that information obtained from these studies may bridge
the gap between the inherent limitations of traditional tissue
culture methodology and animal models which are currently
used for investigation of Salmonella infectivity. Moreover, re-
sults from these studies suggest that the use of the RWV to
generate 3-D aggregates from a variety of cell types may have
wide applications in the modeling of infectious diseases.
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